PURPOSE: Air embolism is a rare but potentially fatal complication that may occur during the insertion of a central venous catheter. A valved peelable introducer sheath was developed to reduce the likelihood of an air embolus. This study was performed to determine the rate of air flow through this valved introducer sheath under different conditions that may be encountered in a clinical setting. 
PEELABLE introducer sheaths are commonly used for the insertion of tunneled central venous catheters. However, the use of an introducer sheath during these procedures is associated with an increased risk of blood loss and air embolism.
Acute blood loss may occur while inserting or advancing the central venous catheter through the introducer sheath. When this occurs, the amount of blood lost is typically small and not clinically significant. However, in patients with increased central venous pressures, the volume of blood lost through the introducer sheath can be substantial.
Although blood loss can be problematic, the primary and overriding concern is the occurrence of an air embolism. The introducer sheath serves as an open conduit directly connecting the superior vena cava to the atmospheric air within the angiography suite or operating room. Negative pressure can occur within the central veins during normal respiration. This change in pressure can cause air to enter through the open end of the introducer sheath, thereby creating an air embolus within the central veins, right atrium, or pulmonary arterial circulation. Although an air embolus is a rare complication, it can cause significant morbidity or death. A published review of more than 4,000 tunneled catheter insertion procedures reported a 0.3% incidence of air embolism (1) . All of these air embolism events were attributed to the use of an introducer sheath during the catheter insertion procedure.
Valved peelable introducer sheaths have been developed to reduce the likelihood of an air embolus during catheter insertion procedures. This study was performed to determine the rate of air flow through a valved introducer sheath under different conditions that may be encountered in a clinical setting.
MATERIALS AND METHODS
This investigation was performed at a commercial, independent testing facility, DDL, Inc. (Eden Prairie, MN). The accuracy and reliability of the experimental system was verified by the lead author, who was present during the testing procedure. The valved introducer sheaths were provided by the manufacturer.
Introducer Sheath
A 16-F diameter valved peelable introducer sheath (FlowGuard; Enpath Medical, Minneapolis, MN) was used for all experiments. This introducer sheath has two components; a peelable sheath that contains a "slide-away" silicone valve and a removable inner dilator.
The peelable sheath is constructed of polytetrafluoroethylene and has two external handles that are used to split the sheath into two pieces. This 16-F sheath has an outer diameter of 0.238 inches (6.0 mm), an inner diameter of 0.209 inches (5.3 mm), and a total length of 14.7 cm. The distal end of the sheath is tapered to provide a smooth transition with the inner dilator.
The valve is constructed of a silicone membrane, which is held within a moveable polycarbonate frame attached to one side of the sheath adjacent to the external orifice (Fig 1) . The operating physician has the option of using the valve or sliding the moveable frame away from the external orifice. When the physician splits the sheath, the silicone valve membrane and polycarbonate frame remain attached to one of the handles.
The inner dilator is constructed of high-density polyethylene and is fitted with a luer-lock hub and rotating collar. This rotating collar locks the inner dilator onto the sheath before use. The inner dilator is 21.6 cm in length and will accept a 0.038-inch standard guide wire. The distal tip of the inner dilator is tapered to facilitate insertion of the introducer sheath. The length of the tapered segment is 2.8 cm.
Test System
The test system consisted of four components: (i) pneumatic coupling device, (ii) digital manometer, (iii) mass flowmeter, and (iv) vacuum source (Fig 2) .
A coupling device (FE01-02; FasTest, Saint Paul, MN) with a pneumatic O-ring was used to seal and connect the distal end of the introducer sheath to the test system. This coupling device was connected in series to a digital manometer (HHP-2801; Omega, Stamford, CT), a mass flowmeter (FMA-3106; Omega) and a vacuum source. The vacuum source consisted of a vacuum pump, regulating valve, and a reservoir serving as a capacitor for the system. All components were connected with use of brass manifolds and thick-walled plastic tubing.
The electrical signal from the mass flowmeter was sent to a voltmeter (model 45; Fluke, Everett, WA) and converted to a flow rate. The voltage output from the mass flowmeter was linearly proportional to the rate of air flow through the introducer sheath (5 mV ϭ 1 mL/min air flow).
Two different mass flowmeters were used for the measurements. When measuring low rates of air flow (ie, valve closed) the Omega flowmeter (FMA-3106) was used. When measuring high rates of air flow (ie, valve open) a different flowmeter (model 4043; TSI, Shoreview, MN) was installed into the test system. Verification of the integrity of the test system was performed before initiation of the experiments and then repeated after every 10 measurements. This was accomplished by sealing off the test system and ensuring that the air flow rate was zero. The precise vacuum within the test system was documented at the time of each air flow measurement.
Test Protocol
The rate of air flow through the valved introducer sheath was measured under three different conditions: (i) valve open, (ii) valve closed, and (iii) valve open with manual pinching of the sheath. Thirty air flow measurements were performed for each of the three test conditions. A separate introducer sheath was used for each measurement; a total of 90 introducer sheaths were used.
During the test procedures, a vacuum of Ϫ5 mm Hg was applied to the sealed distal end of the sheath to simulate physiologic conditions. The use of Ϫ5 mm Hg was based on the work of Wysoki et al (2), who measured the intravascular pressure within the superior vena cava in a series of 40 patients who received central venous catheters. During normal respiration, the average central venous pressure was 3.3 mm Hg and ranged from Ϫ4 mm Hg to 16 mm Hg. The value of Ϫ5 mm Hg was used to add a slight margin of safety to intravascular pressures that may be encountered in clinical practice. During these 90 testing procedures, the mean vacuum was Ϫ5.10 mm Hg (range, Ϫ5.00 mm Hg to Ϫ5.45 mm Hg).
The first series of 30 air flow measurements were performed with the silicone valve in the closed position. The inner dilator was inserted through the closed silicone valve and a 0.035-inch-diameter J-tipped guide wire was inserted through the inner dilator. To replicate clinical conditions, the inner dilator and J-tipped guide wire were removed through the closed silicone valve immediately before the air flow measurement.
For the second series of 30 measurements, the polycarbonate frame holding the silicone valve was moved to the side and the external orifice of the sheath was completely open to atmospheric conditions. The inner dilator and J-tipped guide wire were not used for these air flow measurements.
During the final series of 30 measurements, the distal tip of the introducer sheath was inserted into the pneumatic coupling device with the valve in the open position. The air flow measurement was obtained while aggressively pinching the sheath between the thumb and index finger in an attempt to occlude the inner lumen. The inner dilator and J-tipped guide wire were not used for this series of air flow measurements.
Each air flow measurement was obtained over a period of approximately 15 seconds. During this time, the vacuum regulator was accurately adjusted to Ϫ5 mm Hg. As previously stated, during these 90 measurements, the mean vacuum was Ϫ5.10 mm Hg (range, Ϫ5.00 mm Hg to Ϫ5.45 mm Hg).
Data Analysis
Data analysis consisted of tabulation and calculation of mean air flow values for each of the three different test conditions. The standard deviation was calculated with use of Excel software (Microsoft, Redmond, WA).
RESULTS
When the silicone valve was in the closed position, there was no air flow through 27 of the 30 sheaths ( Table 1) . Two sheaths had air flow rates of 0.033 mL/sec and one sheath had an air flow rate of 0.067 mL/sec. Therefore, the mean rate of air flow through these 30 introducer sheaths was 0.004 mL/ sec Ϯ 0.014 (range, 0.000 -0.067 mL/ sec).
When the valve was in the open position, there was rapid movement of air through all 30 sheaths ( Table 2) . The mean rate of air flow through these open sheaths was 417.2 mL/sec Ϯ 1.3 (range, 415.5-419.7 mL/sec). Interestingly, there was minimal variability in the rate of air flow through these 30 open sheaths. This finding supports the integrity of our test sys- tem and the uniformity and stability of the vacuum source. When compared with an open introducer sheath, manual pinching of the sheath was moderately effective in reducing the rate of air flow. The mean rate of air flow while aggressively pinching the sheath was 31.7 mL/sec Ϯ 4.7 (range, 23.0 -38.8 mL/sec; Table  3 ). A review of the 30 test values reveals a low degree of variability, which supports the uniformity of the testing methods.
DISCUSSION
This bench-top study revealed that a massive amount of air (Ͼ400 mL/ sec) flows through an open 16-F introducer sheath when it is subjected to a vacuum of Ϫ5 mm Hg, a situation that may occur under normal physiologic conditions. The rate of air flow could be decreased by aggressively pinching the sheath, but the rate of air flow was still substantial (Ͼ30 mL/sec). This study demonstrates that the addition of a valve mechanism can essentially eliminate air flow through a peelable introducer sheath.
These results are in contradistinction to those reported by Kolbeck and colleagues (3) , who also evaluated the FlowGuard valved introducer sheath. These investigators created a different test system to simulate the physiologic conditions within the central veins. Their studies were performed with the same relative pressure (Ϫ5 mm Hg) as in our experiments. With use of the 16-F FlowGuard introducer sheath, they reported that the total volume of air entering their test system was 5.8 mL with the valve open and 4.4 mL with the valve closed. Although these investigators reported the total volume of air that entered their test system during catheter insertion and not a rate of air flow, their results are surprisingly different from our findings.
Bernoulli's equation describes the conditions of ideal fluid flow, and this equation can be used to calculate the rate of air flow through an open introducer sheath. As shown in the Appendix, with a pressure differential of 5 mm Hg, the calculated air flow rate through an open 16-F introducer sheath is 493 mL/sec. This is similar to our mean value of 417 mL/sec. When testing the open sheath, Kolbeck et al (3) reported that the total volume of air that entered into their test system was 5.8 mL, a value markedly different from what might be expected.
Similarly, when comparing the results obtained with use of the closed sheath, the differences were also substantial. Kolbeck and colleagues (3) tested six FlowGuard sheaths with the silicone valve in the closed position and reported that the average volume of air that entered through the sheath was 4.4 mL. Our study demonstrated that no air leaked through the silicone valves in 27 of the 30 sheaths that were tested. Only three valves leaked and the highest rate of leak was 0.067 mL/s.
The mortality related to an air embolus is dependent on the total volume of air and the rate at which it enters into the venous system (4). The lethal volume of air decreases as the rate of air entry increases. In dogs, an air volume of 1.8 mL/kg is often fatal when delivered as a sudden bolus (4). However, when it is delivered over several hours, the animal can tolerate as much as 1,400 mL of venous air. In humans, the fatal dose is estimated to be between 300 and 500 mL of air at 100 mL/sec (5) . As demonstrated in our study, this rate of air flow can easily occur if Ϫ5 mm Hg of pressure is applied to a 16-F introducer sheath, and, as reported by Wysoki et al (2) , central venous pressure can decrease to Ϫ4 mm Hg during normal respiration. Our study also demonstrated that there can be substantial air flow (30 mL/sec) when the introducer sheath is pinched aggressively.
Anecdotal experience has suggested that withdrawal of a J-tipped guide wire may evert or damage the silicone valve. However, our studies failed to demonstrate this potential problem. During our first series of tests, a J-tipped guide wire was withdrawn through the closed silicone valve. Twenty-seven of these 30 introducer sheaths had no air leak, two sheaths had air flow rates of 0.033 mL/sec, and one sheath had an air flow rate of 0.067 mL/sec. However, it is possible that rapid withdrawal of a J-tipped guide wire may evert the silicone valve. To prevent this potential problem, the guide wire should be withdrawn into the inner dilator to straighten the J-tip, and then the guide wire and dilator should be removed simultaneously. Of note, there can be substantial leakage of air if the inner dilator is removed and the guide wire traverses the silicone valve. The guide wire should always be removed simultaneously with the inner dilator. In addition, if the guide wire is removed before the dilator, an open lumen is created through the dilator into the central vein. Although this is a small lumen, it may still serve as a conduit for an air embolus. It is essential to remove the guide wire and dilator as one unit.
In summary, this bench-top study has demonstrated the marked differences in air flow rates through an open sheath, a pinched sheath, and a valved sheath. The risk of an air embolism can be substantially reduced by the use of a valved sheath.
APPENDIX Bernoulli Flow Rate Calculations
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